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InAsl AISb/GaSb singleabarrier interband tunneling diodes with high peak:~towvaney ratios at room temperature J. F. Chen, M. C. Wu, l. Yang, and A Y. Cho
AT&T Bell Laboratories, Murray Hill, New Jersey 07974
(Received 16 January 1990; accepted for publication 23 May 1990) We have fabricated an InAsl AlSb/GaSb single-barrier interband tunneling diode by molecular beam epitaxy, In this structure, a large tunneling current can be obtained by taking the advantage of the large heterojunction-conduction band to valence band overlap (0.15 eV) between InAs and GaSb which offers flexible designs of the AISb barrier thickness and the doping concentrations. We have obtained a negative differential resistance with a peak-to-valley current ratio as high as 4.7 and a peak current density of 3.5 kA/cm 2 at room temperature with a 1.5-nm-thick AlSb barrier. The current transport mechanism in this tunneling structure will be discussed according to the J-V characteristics as a function of temperature.
Since the discovery of the negative resistance in the tunnel diodes (Esaki diodes),1 they have been extensively studied due to their applications in microwave and highspeed digital circuits. The physical basis of a pn-tunnel diode is the interband tunneling, from the conduction band into the valence band and vice versa. Negative resistance can also result from resonant tunneling,2 where electrons tunnel through a quasibound state of a quantum well. There has been a growing interest in the development of resonant tunneling diodes owing to the rapid advances in semiconductor growth technology, such as molecular beam epitaxy (MBE) that makes it possible to control the composition and doping of the grown material on an atomic scale.
3 Most of the resonant tunneling structures were studied in the AIGaAs/GaAs (Ref. Recently, the AISb/GaSb/lnAs material system was used in tunneling applications 6 -10 due to its unique band alignment. For example, AISb/InAs provides a large barrier for electrons (1.8 eV), II which is expected to provide high peak-to-valley ratio (PVR) in double barrier diodes. Perhaps the most interesting feature in this material system is that the conduction band of I nAs is 0.15 e V (Ref. 12) lower in energy than the valence hand of GaSb. The electrons can flow from the conduction band of the InAs to the valence band of the GaSh. By using AlSb as a barrier layer between the InAs and the GaSb, a negative resistance similar to homojunction pn-tunnel diode can be obtained. However, in a homojunction tunnel diode, degenerate doping is required to make the tunneling barrier thin enough to obtain significant interband tunneling. In the InAsl AlSb/GaSb structure, the interband tunneling is provided by the band overlap between the InAs and the GaSb. This relatively large band overlap will provide a large tunnelingcurrent flow. With the optimal control in design parameters such as the thickness of the AlSb barrier and the growth conditions, a large PVR and a large peak-current density can be realized. It should be noted that this structure offers a flexible design in device parameters, such as independent control of the barrier thickness and doping concentrations. The interband tunneling based on the InAsl AISb/GaSb material system was first demonstrated by Takaoka et al. 13 Recently, Luo et al.
14 report their experimental measurements of a InAsl AlSb/GaSb interband tunneling. A peak-to-valley ratio of 2.7:1 and a peak current density of 10 A/cm 2 at 77 K was reported in their case. In this communication, we report on the roomtemperature operation (PVR = 4.7 and a peak-current density = 3.5 kA/cm 2 ) of the InAsl A1Sb/GaSb singlebarrier interband tunneling diode and their currentvoltage-temperature characteristics. Figure 1 shows the band diagrams of a single-barrier InAs-AlSb-GaSb heterostructure under different bias conditions. The band alignment in this structure was first studied by Esaki et al. 15 The GaSb! AISb valence-band offset is assumed to be 0.4 eV. The valence band edge of AISb is assumed to be aligned with that of the InAs for simplicity, since their relative locations are not accurately known at present. 13 The InAs and GaSh form a broken-gap heterojunction, with the conduction band ofInAs 0.15 eV lower in energy than the valence band of GaSh. Provided the AlSb barrier is thin enough, the electrons can tunnel from the conduction band of the InAs, through the AISb barrier into the valence hand of the GaSb, as indicated by an arrow directed from left to right in Fig. 1 (a) . Under a forward bias less than the band overlap, this relatively AtSb r 1.82 large band overlap will provide a large tunneling-current fl.ow. Figure 1(b) shows that as the bias is increased, the valence band of GaSb is pushed down below the conduction band of InAs. The electrons of the InAs experience a very thick barrier to tunnel through, thus reducing the interband tunneling current. This current transport mechanism is qualitatively similar to the homojunction pntunnel diode. With further increases of the forward bias, tunneling as indicated in Fig. 1 (c) , or thermionictunneling current may begin to dominate.
The epitaxial layer structure of our device shown in Fig. 1 was grown on as-doped InAs (100) substrate in Riber-2300 MBE system. The system is equipped with a standard As cell producing As tetramers, and a cracked Sb cell producing Sb dimers. The substrate was chemically polished and etched using diluted Bromine-Methanol solution prior to the epitaxial growth. A O.5-llm-thick InAs buffer layer was grown at a substrate temperature of 400°C with a growth rate of 0.5 flmlh. The flux ratio of As:ln was adjusted to make the reflection high-energy electron (RHEED) pattern show a streaky (1 X 1) reconstruction. This condition, corresponding to that of intermediate between (2 X 4) As-stabilized and (4 X 2) In-stabilized reconstruction, provides good electrical properties. 16 The undoped InAs layers show n-type background concentrations on the order of 5 X 10 15 cm -3. With such a growth condition, the grown sample exhibits good surface morphology. After the completion of InAs buffer layer, the substrate temperature was raised to 450-500 °C and the whole diode structure was subsequently grown, The diode structure consisted of a 5-nm undoped-InAs spacer layer, a 1.5 nm undoped-AlSb barrier, a 5-nm undoped-GaSb spacer layer and a SO-nm Be-doped (2-5 X 10 18 cm 3) GaSb top layer. Transmission electron microscopy (TEM) measurements showed that the dislocation density around the active region in the grown structure ranged from 10 6 to 10 7 cm -2, which was nearly the same order of density as that of the starting substrate we used. AlSb and GaSb were grown at a growth rate of 0.5 Ilm/h with beam equivalent pressure (BEP) ratio of Sb to Al or Ga about 3:1. The un doped- GaSb layers were found to be p-type with a typical carrier concentration of 10 16 em -3. Undoped AlSb has a relatively high resistivity on the order of 10 3 0 cm. Mesa isolation was formed using chemical etching after alloyed Au/Be contacts were deposited. Figure 2 shows the room temperature 1-V characteristics for the sample with a 1.5-nm-thick AISb barrier. The current bump in the negative differential resistance (NDR) region results from the circuit oscillation in the testing set-up. Unlike the double-barrier tunneling structure, a negative resistance can only be seen at the forward bias. Under the reverse bias condition, the current is dominated by the electrons tunneling from the valence band of GaSb through the AlSb into the conduction band of the InAs. Designations of (a), (b), and (c) in Fig. 2 correspond to the different forward biases as indicated in Fig. 1 . In Fig. 2 , a peak-current density of 3.5 kA/cm 2 and a peak-to-valley ratio (PVR) as high as 4.7 at room temperature has been obtained for the diodes with a 60-ftm-diam dots. Note that the NDR occurs at about 0.25 V which is relatively low compared with that of the resonant tunneling diode. This low dc operation point reduces the de power dissipation, when the device is operated in highspeed circuits. After the correction for the probe-contact resistance (typically 1 0), the peak current occurs at about 0.12 Y. This value is consistent with a band overlap of 0.15 e V between InAs and GaSb.
To study the current transport mechanism in more details, the J-V characteristics as a function of temperature were measured. Figure 3 shows the variations of the forward currents with temperature ranging from 77 to 300 K for several different biases in the tunnel diode. Among the five biases, 100 and 200 m V correspond to the biases below the peak-current voltage. As indicated in Fig. 3 , the temperature dependence of currents for these two biases is very weak, suggesting that the current transport is dominated by the tunneling process. This corresponds to the current component that the electrons from the conduction band of the InAs tunnel through the thin AlSb barrier into the valence band of the GaSb, as indicated in Fig. 1 (a) . At the bias of 250 mV (close to the peak-current voltage), the current slightly increases with decreasing temperature. This temperature-dependence can be interpreted by the decrease of thermal spreading (in energy) of the electrons, which would allow more electrons to participate in the tunneling process at lower temperature. At the bias of 450 mY (slightly higher than the valleycurrent voltage), the current increases with increasing temperature. But the temperature-dependence is not as strong as that of the thermal diffusion process. Since the barrier in the conduction band is high (1.8 eV), thermionic currents over the barrier will only give a very small current contribution. Also as indicated in Fig. 1 (b) , the electron tunneling process from the InAs layer is impeded by the band gap of the GaSh layer (no available states). However, in the valence band, due to a quite large band bending in the InAs layer in conjunction with its small band gap, it is possible that the light holes in the GaSb layer could easily tunnel through this potential barrier into the valence band of the InAs layer. This suggests that the hole tunneling process then is likely the dominating current transport process at the bias of 450 mY. At higher bias (500 mY), a Fowler-Nordheim-type of tunneling may begin to dominate. With an increase in the forward bias, the current is dominated by electron tunneling from the valence band of the AISb to the unoccupied states of the valence band of the GaSb. 13 According to the above analysis, we could suppress the vaHey current by growing another material, such as InAIAs, with a larger band gap than InAs on top of the InAs layer and let the InAs layer be about only 20 nm thick. In this approach, the band overlap between InAs and GaSb is maintained while the effective band gap of the n-type electrode is enlarged.
In summary we have demonstrated the roomtemperature operation of the InAs/ AlSb/GaSb singlebarrier tunnel diode. The current transport mechanism by the interband tunneling in this structure is similar to that of a homojunction pn-tunnel diode. However, this structure eases the need for very heavy doping concentrations and offers a flexible control of the barrier thickness. In this early stage, we have obtained a peak-to-valley current ratio as high as 4.7 and a peak-current density of 3.5 kA/cm 2 at room temperature. We also studied the temperaturedependence of the current which suggests an improvement of the peak-to-valley current ratio can be achieved by using a multilayer n + electrode, such as InAIAs/InAs, to suppress the valley current. The device performance is expected to improve by using optimal AISb barrier thickness.
